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COUPLED DAMAGE AND MOISTURE-TRAINSPORT

IN FIBER-REINFORCED, POLEXERIC CQMPOSITES.

II

By

Y. 'Weitsman*
U

Abstract

This paper presents a mathematical model for the coupling between

moisture diffusion and damage in fiber-reinforced, polymeric composites.

In these materials, moisture was observed to cause damage by a multitude of

minute debondings at the fiber/matrix interfaces. The model employs

concepts of continuum damage theory to describe those debondings. Formal

evolutionary expressions are derived and related to the extent of damage,

the stress field, moisture content and moisture gradient. The effects of

damage on moisture diffusion and on reductions in moduli are also

formulated.

Qualitative comparisons with experimental results are provided.
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"<i I nt roduct iong

It is well known that in many materials deformation under loads is

* associated with the formation of a multidute of internal flaws. These "I
flaws, which may be micro voids, micro cracks or micro crazes, precede the

development of macro cracks which cause final failure The abovementioned

flaws can be caused by environmental agents such as moisture and

temprature, in addition to mechanical loads.

In the many circumstances where the micro flaws are distributed in a

statistically homogeneous manner it is advantageous to represent them as

interndl state variables and employ thermodynamic considerations to

establisn constitutive relations and evolutionary expressions for flaw

growth[l ] * ,[2 . Tnis approach is employed by several "continuun damage"

models which were reviewed recently by D. Krajcinovic
[3 ]  Guided by

various pnysical and mathematical considerations, the internal state

variaoles were chosen to be scalars, vectors, and tensors of various ranks.

The case of a vector valued internal state variable was 2mployed by

Talreja [41 ,[1 ] to model damage in fiber reinforced composite laminates and

relate stiffness reductions to external loads. More recently, a revision

in the interpretatin of "damage" as micro-crack areas lead to the selection

of internal state variables as axial vectors (or, equivalently, as skew

symmetric tensors).[6 ] This choice will also be 2mployod in the present

wo r;<.

Since the or,:snt inv,2stigjit ion oi:ns spcf ticaily at 1ibrous

comp.osit,s, wh2r, damaJe fori-s in chir,.1cteristic patterns, th ' existen( - at

N-rnb rs in br-ackets indicate ref2r-ncc listed at the (rnd of this pqr.

* . . - 1 ' - " . - ' .- . ' "'
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a "reoresentative damaged cell" is assumed. The components of the axial

vector which represents "damage" are then defined as the pro3ections of the

total area of microcracks contained within the cell on its "walls". When

those projections are divided by the respective areas of the cell's walls

the measure of damage is non-dimensional. The representation of all the

microcracks within a cell by a single axial vector certainly obscures the

distinction between few "large" microuacks ana many smaller microcracks.

However, in circumstances when damage forms in consistent patterns sucn a

distinction may not be important because the variability in microcrack

sizes is likely to be limited. The interactions between microcracks witnin

" the cell will certainly depend on the external loads. It will be shown

that the present model accounts for this dependence through stress-related

damage-evolution relations.

With few exceptions [7l, most existing continuum damage formulations

- employ linearization in the damage parameters. By contrast, the present

formulation does not involve series expansions in the damage parameter and

is not limited to "small" damage.

In the presence of sharp gradients of temperature or moisture content,

the expansional strains may be highly non-uniform within the characteristic

damaged cell. In this case the stresses are likely to vary even along each

of the individual microcracks, resulting in elevated stress-intensity

factors at the microcr~ck tips. 4ithin the context of a continuum dama;ge

* thory these increases in stress-intensity are reflected in gradient-

dpendent damadqe evolution relations. Sucn relations are also considered i

in the present paper.

Tno effects of moisture in polymeric composites were investigqtW over

more than a decade. A comprehensive review which appeared recntly
1 ] '

0
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listed rore than three hnCred references on the subject. Damage due to

U moisture, which developed as debondinqs at the fiber/matrix interfaces, was

[9]-[17]observed by several investigators This typical form of moisture-

induced damrace was attributed to the presence of hygrophilic chemical

agents at the fibers' surfaces [9] Since the epoxy may act as a semi-permeable

membrane, the high concentrations of moisture result in excessive osmotic pres-

sures at the interfaces, leading to fiber/matrix debondinqs.

In another study [18] it was shown that epoxy resins absorbed excessive

contents of moisture when the amount of curing agent in the mixture was below

stoichiometrv. Since it is plausible to assume that the stoichiometry of the

resin would change in the vicinity of the fiber interfaces it is conceivable

that the interphase regions contain excessive levels of moisture, which cause

interfacial cracking.

pim The process of moisture sorption is associated with a thermodynamically

f ozn" sstecm, since vapor mass is being added to the material volume of the

composite. This process will be accornodated in the present paper by con-

sideringT a hpxothetical vapor reservoir which is in thermodynamic equilibrium

with the actual vapor contained in a material volume-element of the composite.

This a::roach follows the ideas employed by Biot [19]-[2 1] in connection

with flow through porous media. It should be pointed out that in spite of

th,_, similarity between Biot's approach and the present formulation the two

are not identical. The natural internal variable in Biot's scheme is the

n)re pressure, while in the present work it is more suitable to em-ploy

rxoi:ture content, or alternately the chemical Iptential. Th1e subtle differences

.et;een the twoo formulations were pointed out by Girtin[22 ] .

- - - *-

-.- . |

, -- ." " - . .. ." . .. .'. . . .. .. . .. -.. . .. .,.J< . .. . . . , . ,. ? .
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2. Basic Equations

Consider a solid Oody B occ, upying a material volumn, V bound'ea o~y a

surface A. Lot tna solid, of mass density P., absorb vapor tnrougn itsI

boundary ind let in denote thz2 vapor-moss per unit volume, of tne solid.

Also, let x be thle position of a solid mass particle in the_ de-forme d

* conifigurcion that correspondis to tne piace X in the undAetorm u state, and

lot f, I and v denote fluxes of vapor-mass and of htand the vtd:ocity

of tne Solid p~articles, respectively.

in aditioii, iet u and s b,2 trne interLnal .nergy ,nd 2ntropy a,:nsities

of tne solid/vapor mixture per unit solid mass, and iLt (31 ~Id T de note

*the compone nts of Lne Caulciy stre~ss due_ to me-_chanically pp i loaas, ar-J

Lariperature, respectively.

di A prope~r accounting of the state of the solid/vapor mixture2, wicf is

*a thermodynamically ope~n syste,.m, is obtaine:d by considering eaich elemen'nt in

thermodyniamic equilibriual with t resezrvoir c~ontaining vupOr AL pre ssure2 P,

1, I I
uensity p, and inite-rnal energy and entropy donsitie2s u and

respectivefly j0,j3,[4

Conservation of the solid and vapor masstes gives

P5 + P IVv (1)0

in=-V. f (2)

Cons2rvcAtion of enemrgy over B ree.ds

dt f s f J j 1

V A A

f fp 4n.d A f t)ffind A (3)

A A



Tft, third 11 ':29Loi on Lhe rlJr siw,;- Of (3) 2xpr,.cS-Ss tn.,2 c.ni

powe;r due to va.por fiux, obse;Lrvincj tnac f corrsponj .s co vupoc VAOe:ItY-

Tne last intr,:ral in (3) :expresses thz rate of v~por-Dorn-z 2neLjy.

U The entropy inequality reads

d f
t os d%' > f(CT /T) n dA -fs f nid A (4)

fV AA

4hero thie last inteyral in C4) expre-sses Ln,2 ritc2 of vapor-born,2

entropy.

App ic-ition of GreLen's theorem to (3) ani .4, na . -,ployin2nt of (2),

yields

u cY ~ -q.. %i~f~ +(5)

P Ts>-c. + (q/T.i-T f .+ Ts (6)

w .hure n = (P/ P) + u is tne enthalpy of Lne2 vapor in tne hypothetical

*resezrvoir -nd gi T, i

Elimnination of q i oct2Wee n (5) and (6) yilds t fc ollowing

expression for the "reducW, entropy inzequality"

-p i 'i r s 1?+ G. .. -(q./T) g. A-pim - fp . - jf.>a

In (7) =u-Trs is the ilchnnolz fL-. 2nt-rjy a ns ;. I -Tz. IS t"

cChleijtnil ii utn vpor in tnypOtrk-, L12:-i rtCS.±LVJiL.
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* 3. Distributed Damage

-. hen materials possess a statistically homogeneous nicrostructure,

their mechanical response is associated with the creation and growth of a

multitude of internal flaws. For several typs of materia.l microstructure

these micro flaws develop in characteristic patterns, until they fin~ily -

coalesce to form a localized, dominant crack whose growtn leads to ultim-nt-,

failure. Some characteristic damage patterns are shown in Figs. I ind 2*
for a fibrous composite laminates of different lay-ups. I251, [26].

Patterned damage was also observed in concrete and in ceramic materials.

In the abovementioned circumstances it is possible to relate the

distributed flaws to a characteristic material "cell" and express the
[27]

damage by means of a continuous, internal state variable Such cells

* are overlaid on the damage patterns in Figs. 1 and 2.

For damaje due to imicro-cracking, the internal state variable can be

"walls" of the characteristic cell. Since areas are expressed as vector

products of directed line-segments, the present choice leads to a

mathematical representation of "damage" as a skew-symmetric, second rank

tensor d[ij]. The quantity d[ij] may be viewed as non-dimensional, since

it can be for.med by dividing all projected micro-crack areas through the

respective dreas of the cell walls.

In the presence of hygrothermal effects, diffusion and damige
phenomena are Likely to depend on gradients of moisture content -,m/ x i and

of the temp ri.ture /,T/ x i . Upon considerotion of the abovemntioned

*characteristic cell it is possible to relate the latter dependencies to

. non-dimensional jrjdi-vnts n/, and ! where i xi/Li (no sum on1

i) witn Li beinj Lh2 Ienjtns of the cell sides. (271

*1

-I
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Finally, it should L)e noted' tnat each micro-crack is contaiined withinl

15 wo equal and opposite surfaces. Consequently, tne constitutive

'OrmuliLion Wnicn emYOLOys d~j as an internal sta-te vairiable should remain

insensitive to the sign ofd

3

4. ELastic Response with Distributed Dainaqe.

*Consider the3 re2sponse of elastic materials with distributedi inte2rnal

Ji n ij -. in addition, let 'Ch, material be expood to thralefet nd-

aw )oro moisture from tnre ambie nt environment.

In t.-ioSc circumst.-nces the list of internal -state -\'oriabl,-s contains

deformaition jr Adients F~ = )xi/"Xj, "da-:mage" d~ij , moisture mn,

fuem:Jrture T, ari the, 'jraiients z 6/!iand g, ' T/'xi of the chemical

2n o t ni-al and of T. As noted earlier, both gradients aJnd ci ijj may be2

.iew ,d as non-dime nsional, while Fi is obviou~-ly dimensionless. In

ad-dition, T a-nd :, can be non-dimensionalized as well by dividing their

2 actea-L valaeg throujn some- re ference levels.

Conideatinsof fram.e in~difference andl onplov.mcnt of the re~duced

nry'i nqu-! ly [231 . ive

T)(3

-~ (9:0

(9b)

/T + 7 r
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wahere . u -Ts is the Helm'holz free energy, E.L =(FiK "iL - >KL) arie- the

Lagralgian strain components, sKL are the components of the symmetr ic

Kirchhoff stres [2, D[pQ] are the components of the damage variablf.

dij referred to the undeformed configuration. Sinco both di]and pQ

are ar;eas they are related by

d'ij = JL,k C kji eLpQ D[pQ] 11

with J = det ~i~K

In addition, in eqn. (10), r[lij is the "affinity" to tne rate of

damage g rowtn d ij - ii' namely

r5-' __s ', (12)

Furthermore, we obtain the following forms for the- fluxes

QA A (EKL, Djp Gc, ZB, T, m) (13a)

FA FA ('EKL, D[pQ,, Gc, 'ZB, T, m) (13b)

[iJi) [I) J I(KL, D 1 f~ p,- z 1 rn) (l3C)

In (13) and VA,1jnd are cononts of hea3t andY moisture flux and

of dxamag% '-jrowth-r,:tte in the re2fere-nce- :oorjinjt,,s X-. They 3re relIate-d

to q1and fi througjh Q\= X.:i' q1 , F., Xt i f, and [Ij] is e xpre3ssible

in t -ermns o f in the s ,ne minnor as gi-.e n in eqn. (11) [or D[j and

d~i] In addition G,, and 11 aro jraditents refe rrzed to tile unde2for-m'3d

confijuraition, na;m,2Ly (3 = xicj -in Zj3 = xiB Zi [7].

To simplify th,3 subsequent formulation we,- shall restrict ourselve,,s to

isothermnal conditions. In thi3 case gi = 0, whereby

FA VA E(FKL, D pQ I, Z B m'; To)Ma



and

[IJ - '[IJ] (EKL' D[PQ]' ZB' M; TO ) (14b)

In addition, the inequality (10) reduces to

f + r[ij] ;[ij] < 0

5 5. Fiber Reinforced Materials. Transvese Isorropy.

Consider uni-directionally reinforced fibrous materials. Such

- substances are transversely isotropic about, say, the x3 axis and, in te

absence of any rignt-handed or left-handed internal structure, possess also

reflective symmetries in the x, and x3 axes.

To derive the detailed dependencies of, FA and IIJ] on EKL, D[pQ]
a

and ZB it is necessary to form all the transversely isotropic invariants

among these variables [30].

The complete list is given in the Appendix, where Aij 1 WIj and Vi

S denote a symmetric second rank tensor, a skew-symmetric seconYd rank tensor,

and a vector, respectively.

Note that the Appendix lists 33 invariants. However, the thirteen

invariants 16, Ill, 115, 118, 120, 121, 123, 124, 125, 127, 129, 130, 132

are odd in i ii and therefore inadmissible to represent damage that must

renain insensitive to the sign of dij]. This leaves 20 invariants for

ex)r.essinJ F, and [[j, as expLained in the sequel.

In ¢i i of eqn. (8), the free energy ; depends only on EKL and D[pQ].

Consequently, the :scalar .d:upnds only on the ten invariants Il - I5, 19,

110, 112, 119 and I22-

Ths e cunbin <J synetries arre denoted by the class T-4 in refereonce 130).
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*Expressions for FA are obtained by considering the integrity basis for

one symmetric and one skew-symmetric second rank tensor and two vectors

under the symmetry T-4, subsequently retaining only those terms which are

linear in the second vector [31] , [32]. The results of this procedure are

Listed in the Appendix, where the componets of the vector valued function

U: ul, u 2 , u 3 are related to those of Aij , Wij and Vi . The thirty two

terms PI - P2 3 ' HI - H in the expressions for (u1, u2) and u3 re

functions of the 20 invariants I1 - 151 17 - 1101 112 - 114, 116, I17, I19,

122, 126, 1281 131 and I33 formed among Aij ,  i and Vi.

In view of the fact that the flux components FA must remain

insensitive to the sign of the damage variable d ij] it is necessary

discard all terms odd in Wij, hence P 3 = P 5 = P8 = P9 = P1 1 
= P1 3 

= P1 4 =

Pl5 = P1 7 
= p 9 = P20 = P2 2 = H3 = H5 = H6 = H8 = 0. This leaves only

sixteen terms out of the original lists of 32 terms P1 - P2 3 ' HI - H9.

Expressions for ¢[ij] are obtained by considering the integrity basis

I for one symmetric second rank tensor, one vector and two skew-symmetric

second rank tensors under the symmetry T-4, then retaining only those terms

which are linear in the second skew-symmetric tensor. In this manner a

list of terms is generate<d, which contains products of components of Aij1

Sij and Vi with one component of the second skew-symmetric tensor, say

Y[mn] At tnis stage generate a second list of terms by transposing the

indices in arn3 n, namely by forming scalar components of transposed terns

among Aij, Wie and Vi that correspond to Y[nn]"

Th°e desired skew-symmetric tensor valu-d functions are then obtained

by suoitricting the factors that multiply Y[nn] from those which multiply

. "...................."...... ......
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The results of this procedure are given in the Appendix, where '[31],

t
4 3 21 and "[12] are related to components of Aij , Wij and V i. The eighteen

terms r1 - r1 4, hI - n4 in the Appendix are functions of tie same twenty

invariants I, - I5, 17 - 1o, 112 - 114 , 116, 117, 119, 122, 126, 128, 131

0 and 133 that enter Pl' P21 etc. Note that the process of transposition

from Y [n] to Y1nn] and subsequent subtraction automatically eliminates all

terms odd in qij from tih list for X [IJ' hence no further reduction is

I necessary to account for sign insensitivity to the damage parameter d~ij].

6. Infinitesimal Deformations. Strain Formulation.

Consider infinitesimal deformations. In this case EIJ -ij, SKL - kl'

F - f ill D[] - d[mn] and p (constant).

Expanding the free energy in powers of Eij' truncating after the

second power, we get

so 0 + l 33 + 2(ll+ 22) + 3 [lV> 22) + 4d[ 3 11 d[321 >12]

i 2 2
+ -d[12] (£31d[3 21 - £3 2d[31]) + )1 '3 3 + Y2 (7ll + >22)2

+ '3 [D(EIl - 22) + 4d[31]d[32]£12 
2

2 )2
+' d[121 (E31d[ 3 2 ] - R-32d[ 3 11  + y5 -3 3( 11 + 2)

-+ 33L("11 -'22 ) + 4d 311 d[32] 12

+ -7 3 3d [1 21 (K3 1d[ 321 - -32d[31]

+ 8 (<1 + '22 )  [D(' 1 - E22 )  + 4 d[ 3 1 Id[ 3 2 J "121

+ 9(<11 + <22 ) d[ 1 21 ( 3 1 d[ 3 21 - '-32d[311)

a
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+ E0 D(,1 1 - -22) + 4d[ 31 ]d[ 321 12] [12] ( 321 3 2d 311 )

2 2 2 2
+ Il1 [( -i - 22)  + 4t12 + " 12 (31 + 32)

+ " 1 3d[1 2] [( 11 - 22) ( 3 1d 3 2] + ;32c[31]) - 211 2 (c31 d[3 1] -

'32d [321 (16)

2
wnere 1 :i (i = l,...4), T (i = 1,...13) are functions of n, d[31]
2 2 2 2

d 32 1 , d[1 2], and To. Also D = dr3 1] - d[321.

Stress-strain relations are obtainable from Oij = so , where i13 3

is considered independent of This requires to reconsider the

expansion (16), which is "biase-d" in favor of E12' _ 31 and ':32 and replace
1

those shear strains by - (ij + - ) " Upon performing this modification,

* and then employing the "truncated" notation, with - ,

S 33 3' 23 >_4' 31-5' 12-' 6 and 1 1 L 1 1 Z22 2' '33 3'

2.23_- 4, 2-3-" 5 and 2-:12 - 6, we obtain

Ip Cpo +C' :q where Cpq = Cci (17)

In (17) , we nave

CIO :2+: 3D, C20 : "2- 3 D, C30 =3

C40 _4 d[1 2 ]d[3 1]' C50 2 [12] [32]

C6 0  2?-3 d[ 3 1]d[ 3 2 ]
,:nd

C1 = 2(12 +'3D
2 + 3 D+"l') ' C 12 = 2(Y 2 -" 3 D2 -: 13,

C1 3 = I5+!6 D ' C1 4  -9-1,O +D1 3 )d[ 1 2 ]d[ 3 1 1

1' ii L] 31C15 = ("9+'0 D+' 13) d [ 121'1[32 1 '"

C16  = 2(2* 3 D+. 3 )d[ 11 '3[ 3 2 1,

U%
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022 = 2(';2 3 D2 -+" 3 D+' 1 ) , C23 = Y5-'6D,

U 1
C24 = (- :+"loD-"l3)d[12]d[31]

c25 - 2-('9- 10D-
'
1 3)d

[
1 21d

[
321

C26 = 2(-2-13D+- 8)d[3 1 d[3 21 , C33 ; 2-1, 034 --d[L 2 d[3 ,

C35d 32 1, 036 = 2-,6 d[311d[321,

2 2 1 d 2
44 d d31 + F -" d d d• 44 .4d[1 ]d[3 1] + r '12' 045 = 4d[12] [311 [32]
2

046 = -,1od[ 31 ]d[ 32]d[ 121 + 1121 [321'

2 2 "12 C 2| 13
055 = 4d[12]d[ 32 1 + - 0 (od 32 -_3 d 31

2 2 
2

266 = 2(4' 3d [31] d[321+':i 
) .-

Note that when all d[ij] vanish tne stress-strain relations reduce to

thD familiar expressions for transverse isotropy about the x axis.3

However, in the presence of damage the stiffness inatrix Cpq contains all 21

* components, all of which depend on d Obviously, all stiffness

components may depend also on m and T
0

For -ij--l we neglect all terms that involve the symmetric second rank

tensor in the Appoeriix and obtain the following expressions for the vector

that represents the moisture flux f:

2 2
Sf= PlZ1 + P6 [(d[ 3 11-d[32])zl + 2d[3 1 ]d[ 3 2]z2]

2 2

t2 = PlZ 2 + P6 [-(d[ 3 1 1 -d[ 3 2 ])z 2 + 2d[ 3 1 ]d[ 3 2 ]Z1 ] (18)

]f3 = H Z3  + 117d[12](d[31]z2- [ Z

In (18) P1 1 P6 , H1 and H7 are functions of the twenty invariants I, -

151 17-1101 112-114, I16, 117, 119, '22 , 126, '28, 131 und 133 formedj from

the componnts of the syminetric tensor Lij, the skew-symiretric tensor d[i]]

an, t,1 vtuctur zi. Obviously Pl, P6' lI' a11 7  may dcpend als on the m and on

th- (constint) tcmp,2r.rture TO. Note that the expansion of in power

o°
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series of tij does NOT imply tThat an analogous expansion must exist Lor Pl'

P6, H1 and H7. The present formulation therefore retains the option to

consider non-linear coupling between mechanical fields and moisture%

flux [331.

Finally, employing similar arguments, we obtain trie following

expressions for the damage growth rates [ij] = ij]

'1121 = hld[ 1 21 + n4 (d[ 3 1 1 z 2 - d[ 3 2 1z l )z 3

2 22
([311 = rld[ 3 11 + r4 [(zl-z 2)d[311 + z2 (zld[321 - z3d[121 )1

.+ r lld[.2d[3lzlz2 + r1 3 (d[12 ]z3 - d[3 2 ]zl)z 2  (19)

2 2
'[32] r l1d[3 2] + r4[-(zl-z 2)d[3 21 + zl(z 2d[3 1 1 - z3d[21]

- r1 ld[ 1 21 d[ 3 2 ]zlz2 - r1 3 (d[12 ]z3 - d[13]z2)zl

W In (19), the terms h1l, h4 , r,, r4 , rll and r1 3 are functions of the

same invariants as P1 , P6, Hl, and i17 above. Note that the termns hl and r1
1!

correspond to "self similar" damage growth, while thec remaining functions

h4' r4, rli and r13 are associated with the "tilting" of micro-damage due-

to gradients ot the chemical potential.

7. Infinitesi ml ' Joriation. Stress Formilation.

Define the Gibbs fre energy ((jij' d [ 'ij m; To) by

- , " -' .. .. (20)

Then, in Aina tbjy with tcqns. (9) we have

- 60 (211)j so 'ij

- - -- (21b)

(22,)
• "-.SO -17]
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The "reduced entropy inequality", eqn. (10), rermains unchanjed, -xc2pt

Ithat now

[ i j ) s o -,d1  ( 2 3 )

Conslder a characteristic material stress, .g. a failure stress -f,

then for sufficiently small stresses (su:h that cij/f< l) we can expand

in powers of -ij and truncate aftehr the second powers. This expansion

has th e same form as eqn. (16), except that -i repLaces ij, expansional

coefficients (-Bi) replace I, and compliances I replace the

stiffnesses "" An analogous procedure yields linear strain-stress

relations similar to those given in eqn. (17)

" Spo + SpqCq (24)

,with S00 and Sq th sve as Cp. and C except tnat i and appear in

place of "and In addition, expressions (13) and (19) jlso remain

unchanged, except that P1 1 P6 ' Hl, H71I hl' h4, rl, r4, rl and r 1 3 depend

on twenty invariants that 2ontain jij place of i]"

In view of (22b), tne chemical potential "J is given by

0. 1 (o I"33 : B2 (711 + 22

so *so m m
)f

- -3 D 1( '22 4 d[3 1]d[32](2

-M [12] [ 32 ] (-1! - 31] (1±)
f_ ,f

+ ni)nr or]er ter ns in "lj/"'t)

i : '' "l ~' ':i:.u t ?j'z-> :U ... ' f .I : '  . *.*.I t< ir w . : r "I

Z 2

. '( : ] [32] 31] . .. ' [32 -

2, d[
+ 2 2. d[] l2] (Jo)

2[12]'m .Ur12]
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In view of (25), z. will depend on 0+

1°

[31] [32]1

2 2 2
0 B. B. B.

2 , nd on .---. -- '.[ 
31

M nd 2 .M (4 2 ±[12] m (d [31+ d[132) im "d[2

(i1i, 4) as well as on terms like 3  D In view of the derendence
"m -,x.

of Pll P6  "''r1 3  in ecms. (19) on :'ij it follows that d[i] may introduce a

non-linear stress erfect on z. However, for sufficiently short tLes - when

d[ij] remain relatively -al1 - it is plausible to ep\T)ct that for i.

z will be linear in1 1]

a

2

N1

R.

::._ .i : ..:27.:.-, :.i:.ii " _- .Z .., "- -, ".- ' ... , ..,- " -. ,-_ -. " ." -... -"",_, _:1 " ",:
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-\ Sacial Sub Case: Unid-irectional Diffusion Unde(r a Constant
Transverse Load.

j ~~Conside2r I uniciroctionally renoadnaeOf tlaic:KIss h', 'vitmn

aer---s oaraillel to the, x 3 caX s, SuOjeCt-Ij CO ~i(OlWL~ S S 22 -S

'4it.n diffusion in the x, dir2ction, as sketche-d in Fig. 3.

,n v.iew of tne observazion that most damag e du-, to m oisture occurs at

the fi"oer-matr ix in tarfaces [91,[16]4[171 ,[34] assumne d[1 1 =0

Futhrmoe assume ,radients only in the xdirection. Then,

by (26), z 2 = 3= 0-

in these circumstance-s eqn. (24) give s

Sio + Si-)-( (1 =1,2,3),6) , wh i 1 0).

In addaition, eqns. (18), (19), (25) and (26) yield:

Iamaye gr hratc s:

2
>3] rzd ( 2 7 ,d)

r~[3 2 ] ,[2- 4 [32]

2
[31] r= [~3 1 1  r 4 z'Ld[ 3 1] 2b

*noistur,2 fluxes:

PlzI + p D z, 2a

2 6 d[3 1 ]d[ 3 2 ]jz 1  2b

~hmialpotzential and its gradient

0 2 ) B3  'o) (.- / 2 (29a)
f-o

TI R -[31] 31
2 oi( 2f'(~~

.where 2. 2
- B 2 Lf\3 DBK (

1 2 2 22 r

2, 2
C) 2(

"(dj 1 +2 2 2r 2

m~ 2 (0, d I+)
.2

-- also IFic.8 )l.
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In Lne present cir,:ums-tincos rL, r.j, P1 , andi -.. n -qnps. (27) and (28,)
f" 2 2 2 2

Jaei>-nd on the follow~ing six trrns: Dr U",j -o2 ' -11 ,

2
Z, D( a s well a s o n m. The quantities , , and B, in (29 a)

2 2
cietend on 3lJ31 + d and r-. on m.

2 2
In (28) , (29) and the aboove D =d[ 3 1 1 d[') 2 1 as before.

In vieow of (23) and (291b) tWe proce-ss of moisture transport invoLves a

moisture, stre ss -ind ialacj.-, a-ffected diffusiv'ity. Parh:aos more

significantly, tWe te~rms 2,,[1 + '[21) "41 -1nd- -- /'1 in (29b) indicatL:

that sorption is inf luenced by damage gradients which "cnannel" moisture in

the2 direction of increasingj damage:. Eqns. (29) indicate thlat depends

line arly on stress and thati -such lineair deedneis likely to occur also

tor the2 diffusiv;ity, ait least for early stages of damage devlopment.

MP Theoundary condition on moisture content is determ-ine--d by

1. h
= ~-,t) =(30)

_ is .tn'2 C Inelical. pote2ntial of the- aimbient vapor. Far small

cinc:entration leve-ls it is pLausibl. - to assume2 that ';i is line.arlyreae

to m, weby(29a) predicts satLur-irion levels whichj, at least for ear],..

stziv; es of ciarug-e crowth, depend linoarly on the stress -

An e--xperim-,ental inve2stigation of str-ess-assiste,-d diffusion in AS4/3502

gjr ipn ite/,epoxy coupons w:as con ludedJ recently [ 35] Unid i rctionil ly

reinforce secmnswa expose--d to a const-int r,2.1 tive humnidity of 97,

At :)~oatr f 40 7, and loddtr-insvus y to tn~ , ib-2t dir-ctions ait

0 5~ 0,and 45, of til--l utim-it- stre-ss (7er 5,C 75 p Si 51.7

7,-) ~)t Imois- i1 >iins we-rie recard-J pr nio~il ly in 'ri

* r 0.1 ~.-,.k iin,ns inm r -sut~ for tne airg a~sieso n i 4

si. ittu" pjo id- o of a-ll lsp oll cur: a, ;c 1 :11dn ft 'r!;

1i y t tr,), iP i -,dl tint 1 '.of a s:; i(ci I d if f iis ion .n, -1d it. i nonl
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r mor, 'n ~ it on depe ndent transport proce:,ss.

mi Uenene ftheI :naxi-nai moisture conten-t - n -)f tnio arrfusivitv'.

,on stes r2 5:iO,,-f in Figs. 5 and 6. it can be see-n that n aoointl

£1:1nor rEL iionslio e:xistls be2tween stress and3 both of the2 ab q uatiti-os,

is inte-rred by thle oresent modxel. asrcdrig esoinatllte

aoo),',zTentioned stress le2vels. These m osur.2n-nts were oo-rformed aifter

teoo.'ng111 test : upons from the numid cnamnuers into :a cry environment at

O. rbaih umidity. The rosulting weigjht Losses are plotted vs.8 7in

F'rj. 7, wn-r tne win-indatai are sune-rimoose-d for each stress le-vel

for parrose of coimparisor-L Note the substantial hystere- sis loops, which

-,-n 0,3 attribute,3 either to the conce2ntration dennc'OIL the transport

ooesor to the jrowth of damage, or to botiL

9. MoIisturz:ndce Damage In The Absencc OfE External Stress.

- Conside~r an unstressed unidirectionally reinforced3 plate, of thickness

h a bfoe i lfiesarletohex axis an,] moisture diffusion

in the3 xL direc:tion. in tnis cajse cans. (27) and (28) recmain unch-anged,

2 2 2
2Aceot ~ 4 P'r1  and P6 Oei n ony On - f3 1 1 + [ 2 ,zmU.

Ecn s. (2)9) red uce to

M 31a)

0 22

+l J(vl]~3~
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In view of eqns. (27) and (31b) it is cleat: that damage growth rate

deopnds on the extent of existing damage and that this rate nmy also

depnd on moisture content and the magnitude of the moisture gradient. A

dependence of 4[ij] on d[ij] would lead to a synergistic effect which

accentuates damage localization ("damage breeds upon itself"). A

dependence of '[i3] upon ?3m/ xii would tend to localize the damage in

places of highest moisture gradients, namely near the boundaries x, = ±h/2.

The typical form of moisture induced damage is shown in Fig. 8. Note

that "damage" occurs as decondings at the fiber/matrix interfaces.

Initially, those debondings appear as isolated interfacial crescents. Upon

repeatd absorption/desorption cycles these crescents grow, until they

coalesce to create highly localized damage in the form of continuous

cracks. Typical forms of such cracks are shown in Figs. 9 and 10.

The growth of damage can be inferred also from weight-gain and

curvarture measurements in anti-symmetric, cross-ply composite plates[
171 ,

[36]. Due to the anti-symmetry of the lay-uo, those plates deform into

* saddle shaped surfaces upon cool-down from the elevated cure temperature,

with initial curvatures kx = -ky ki. Upon subsequent exposure to

moisture, those curvatures vary with time, wnereby k=k(t). The variation

of ki - k(t) vs. time is shown in Figs. 11 and 12, where experimental

results are compared against theoretical prtdictions of linear elasticity

and Line-ir viscoeldsticity. (In those figures h denotes plate thickness

. and in Fig. 11 t s denotes tine required to saturate initially dry plat m,

r)roir to their exp)sure to cyclic ambient humidities).

The variation of trie total moistare content M vs. time in the anti-

symmtric cross-ply plates is shown in Figs. 13 and 14. 4eight-gain data

points ar, snown in compairisen with predictions of classica:l difui&Vn

1. . ,p d -• -1
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Instoect ion ot Figs. 11-14 snows irsigd-2partures oot-weo.n data ajnd

tneir-2zicai 2connotations. These? depzirture.s are most likely attributable to

t'ne oreso2nce aInd growith of damage,'-- which w'as -lot incorporatedJ into the

theoretical! anaiLyses and oredi:ctions of refs. [171 and [361. The growth

and lo-cation of Aaaae in the anti-symmnetric plate.:s, in relation to the

mo isture-exposure iiistary, is sk.2tch,,d in Fig. 15 below.

Thecxrienilobse:rvations e-xhib)it--d in Figs. 8-14, as w42L as in

*Figs. 4, 5 aind 7, suppo)rt qualitatively the general trends of the3 damage

theory deeooin ti's pape r.
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a A O~t~lu:U Aa~oje.node2i was i,3veloped [or a unidirectionally-

rezrarw, o~y-~rc-rsincompositej that absorbs mnoisture- fromi a humid

an~In: nvionuet. a~n.Jewas intorpr-eted is the total cross-se-ctionaIl

ak roi~ ofmirc thait occur within a charactc-ristic *naterial cell prior

to tne forma-tion of ai domTinaint cracK. The total 'nicrocracked are-a was non

dimnensioniized- thr-oujo di-vision uy the resoectivo araas of the coil's

waL~s ind %;As r2'orese-nte-d by aske-w symmetric, second rank, te2nsor valued3,

intr )-111 str ICr variooIje.

Aitrinjr: ss into thE: composite was tre-,ated in the conte-xt o)f the

tn~r'ady.~.ncs f anon systems and coupled moisture, stress and dna

* ratins eredervedfrom fundame3ntal principles of thermod~ynamics andi

conrt~nu cnnc The2se relations included formal expressions for toie

eaio1n j f dataapg, for stre.-ss-3n-iaage-coupled diffusion, as welas

* ar0 A~-fouor material complionces.

It i sown teat experimental obse2rvations of mnoisture indiuced3

dim-ije, aind o)f moisture absorption and desorption in the presence and

* asen i t stres6s, te nded to verify some,: of the salient aspects fe2atured in

the otnua ara. model1 proposed in this work.

Thieore2n work< did not, provide, expl icit expresgsions for the

evolut ion Af da cj r iny of the otih-r formal relaitions. This de:ficiency

is de tothepiiucit ndt hi availabl- at the pre se-nt timeo.

t* Acnow udje-mn
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rrhis investiyation wa-s ,-ondu,,t, d under Conract N00014-92-K-0562 fromn



t x~iot~ao! ~eusch(ONR). The, :luthor is irIL-ful to ;)r. Y:.

ROJ.aokseo~zn. c: ni' Division, Enjinmoor mnv S S fln7s i rtoctorsit, (M;

trr ills Sooer iisXicorLener

ko

fit



38

3. [1 D. CoL,2man ini M.E. Gurtin: "Thermodyniamics Withj Inte-rfll Stat-i,

V-iriablc2s", J. of Chtum-. Phys. Vol. 47, No. 2, pp. 597-613 (1967).

[21 J. Bat-iiIla and J. Kestin: "Irre3virsibl-e Proce sse s ind Physical

Interpretation of Rational TIherrnodyn-mmics" j. Non-Eqcuil. The rmodyn.

Vol. 4, 1979, pp. 229-258.

[31 D. Krajcinovic: "Continuum Dama--ge :Mch-inics", App. 71%cn. Rev. VOIL.

[41 R. 'Pa ,re ja: "Transverse Cra-cking and Stiffness Reduciion in

Composize2 J~i~e" . Comp. Mat. Vol. 19, pp. 3155-375, (July

1985).

[51 P.' 7airja: "A' Continuum m-2chanics Charact-2riza3tion of Darn.-ge in

Cof.o'osit-e Ma-terials", Proc. Roy. Soc. London Serios A. Vol. 399, pp.

195-216 (1985).

[61 D. Kraijcinovlic: "Continuum Damai,,, 'Ioch~inics Re:visited: Basic

Conc-2pts and Definitions", J. App. Mh.Vol. 52 No. 4 pp. 829-834

(1985).

[71 1. Davison and A.L. Ste:vens: "ThorIomechanical Constitution of

Spailling Bodies", J. App. Phys. Vol. 44, 1973, pp. 667-674.

[31 J.P. Ko.norowski, "Hyjrothermal Effects in Continuous Fibre Re:inforcedX

Com.posite,-s", Ae2roniutical 'Not2s NAE-AN-4, 10, 11, and 12. Nation~l

ResrcnCounc:il Can-ada, (1983).

[91 Ai',KH.G. and Jy,:tt, R.C., "ltrDam-vge in GlassFir/en

C; fl)S i t,-s", Proce2edings of the- Royal Socie3ty of London, Series A,

Vol. 312, 1969, pp. 5531-564.

-- [101 I.&j FHedrick a-nd J.Ll. ihiteside, "Erffects of E-nvironment on Avne

Compsite Structure2s", AMV Confere-nCe2 on Aircraft Composite~s, Sain-

DioCA, March 24-25, 1977 (pa-per 77-463).



[111 R.J. Deltasi, J-3. qn~it-,sido, and . olte r: "Ef fLc ts ofI V r y i

Hyjrothe-rrnai Env;ironments on Moisture Absorpr ion in Eooxv

Composite2s", Proc. Army, Air Force, Navy, NASA Fourth Conf. on

Fibrous Cjmoosites inl Structurai De-sign. San Diego, CA 13-17, Nov.

1973.

[12] C. D. Shre I .H. Loisl.er, and F.A. Sandow, "Moisture-Induced

S ur face Damag e i n T3 DO/ 5208 Gr apn ita/ Epo xy Lami1na tes", I n

"Nonde-structive Evaluation and Flaw Criticality for Comoosite-

'lateriails", ASTM STP 696, R.B. Pipes, El. 1979, pp. 209-222.

[13] Crossman, F..q., Mauri, R.- nE., ari ;q rren, O.J., "Hygrothermal Damagey-

M ch-inisms in Graphite-Epoxy Composites", LockheedJ Pailo Alto Research

Laboratory, Final Raoort, Doceomber 1979.

[14 Leng ~. an Kelole, D.H., 'Moisture Diffusion ad Mi -rodmae in

Composites", ASC Symposium Se-ries, V1980, N132, 1980, pp. 419-434.

[151 Antoon, M.K. and Koenig, J.L., "Irreversible Effec:ts of Moisture2 on

the- Epoxy Matrix in Glass-Reinforced Epoxy composit--s", Journail of

Polym-r Science: Polyimer Physics Edition, Vol. 19, 1981, pp. 197- 7

212.

116] L. T. Drzai, M.J. Rich and M.F. Koenig, "Adhesion of Graphite? Fibers

to Epoxy Matrice s, III: The Effect of Hygrothermal Exposure", j. of

Adhesion ,Vol. 18, pp. 49-72 (1985).

*[17] S.P. Jackson and Y. ',eitsnan: "Moisture Effects and Moisture Induced

Damage.j, in C-omposites", Proc-.-odings of tho Fifth Int.2rnaitionafi

Confe-rence on Composite M1iteria ss (ICC>I V) San Diego, CA. July 30-

Aug. 1, 1985, pp. 1435-1452.

[11 V.P. Guptaj, L.T. Drz-il a-nd 'N.J. Rich: "Tne Physical B~isis of

Moisture Trjinsport in i Curod Epoxy Resin system", J. App. Poly. sc.

Vo.30 pp. 4467-4493 (1985).



40

[19j M.A. Biot: "Generl Theory of Three-Dimensional Consolidation", J.

App. Pnysics, Vol. 12, (1941), pp. 155-164.

[20] A Biot: "TheOry of Finite Deforrntions of Porous Solids", Indiana

U. Math. J. Vol. 2L, No. 7, (1972) , pp. 597-620.

[211 '.1- 2iot: "Nonlinear cand Semilinaar Rheology of Porous Solids", J.

Gophysictl P.s. Vol. 78, No. 23, (1973) , pp. 4924-4937.

[22] M.E. Gurtin: "On the Linear Theory of Diffusion through an Elastic

Solid", Proc. Conf. on Environmental Degradation of Engineering

Materials, Virginia Tech, Oct. 10-12, 1977, pp. 107-119.

[23] J. Kestin: "A Course in Thermodynamics", McGraw Hill (1979), Vol. I,

pp. 532-535.

[241 J. . Rice and :I.P. Cleary: "Some Basic Stress Diffusion Solutions
for Fluid-Saturated Elastic Porous Media with Comprssible

Constituents", Rev. Geophysics and Space Physics, Vol. 14, No. 2,

(1976), pp. 227-241.

[251 R.D. Jamison, K. Scnulte, K.L. Reifsneidcr, and W.i. Stinchcomb:I
"Characterization and Analysis of Damage Mechanisms in Tension-

Tension Fatigue of Graphite/Epoxy Laminates". In Effects of Defects

in Composite Materials, ASTM STP 836 (D.J. wilkins, Symposiumn

Chairman) AST7 Publ. 1984, pp. 21-55.

[26] A.L. Hignsnith, .U4. Stinchcomb, and K.L. Reifsneider: "Effect of

Fatiguc-InJueed Defects on the Residuil Response of Composita

Lmnin:,tes". ibid. pp. 194-216.

[27] Y. 4eitsm-in: "Environmentally InduceW<] D an ige in Compositis". Prox.

of the 5th Int. Syrp. on "Continuum Models for Discruto Systems",

A.J.M. Spencr, Editor. A.. BaIkrMa Pub. Rotterdam, Holland

(For thco:ning).

,"U : " : "-" " -: " , - """ - " ' " '"" " - " -" : ": :i



41

[281 .'J. Jaunzemnis: "-ontinuum Me-chanics", MaMillan (1967) ,pp. 286-288.

3[2-9] Y.C. Funj: "Founda-tions of Continuum Mecnianics", Prentica flail

(1965) , op. 436-439.

[301 G. F. Si1th: "on Transverse ly Isotropic Functions of Vectors

Symmetric Second-Orde r and Skea-Symmetric Second Order Tensors",

Quart. App. M-ath. , Vol 39, No. 4, pp. 509-516 (1982).

[31] A.C. Pipkin and R.S. RivLin: "The Formulation of Constitutive

Equations in Continuum Physics. I", Arch Rational M4ech. Anal., vol.

4, (195)), pp. 129-144.

[321 %J.1. Spoencer: "Tneory of Invariants" in Continuum-: Physics, Vol. 1

.AQC Erin, en Editor, Academic Pre-ss, 1971, p-1. 239-353

[331 Y. ioitsran: "Stress Assisted Diffusion in Elastic nd Vicoasi

Mate rials". Texas A&M University Report MM'--4762-85-19 (Nov. 1985).

*[34] J.A'. Rock11 and F.R. Jones: "Nucleation and Crack Growth in GRP Under

Stress Corrosion Conditions". Proceedings of the Fifth International

Conf-?rence- on Composite materials (ICCM1 V) San Diego, CA. July 30-

Augj. 1, 19b5, pp. 1453-1462.

1351 >.C. Henson: "Eff ct of External Stress on Moisture3 Diffusion in an

Epoxy and Its Com',posite", Texas A&M University Report MM-4762-85-20

(Nov.. 1985) .

[361 B.. arpe r and Y. i'eitsman: "on the Effects of Environin,-ntil

Conditianinj in Residual Stre2sses in Composite Laminates" int. J. of

So)ids :ind- Stru'ture--s, Vol. 21, No. 8, up. 907-926 (1985).



42

, PPFDTX: TRANSVERSE ISTRPOPY, T-4 SYIX4DPRY (about X3 axis)IM 3

Case of one syr~raitric tensor A. .,1]

one anti-srrtric tensor 1.%

and one vector V.

I, Al+A A 2 +A2 ,T A2 +A2
I~33' 12 = 1 + 2 2 ' 13= 1 1 -A 2 2  12 4 31 A 2

15 = 2  2 A~ W. + A I 2 2 V2,1=v 2

D 31 32 6 31 31 t32 \32, 7 v1 2 , 18= 3

S 2
9 12

IT A - A 2 2A,

2_ 2

! 1 2 + 2 2  A 3 1 w 32 I7 + 21
+  

31
2 ' I: 32

I (VL L A 2 +34A

14 2 2 2 A

14 A3 1 -A 3 2  31 32
.1. Iii5 (VAl-22) A3 1 W31-A 32 W3 2  + 2%V 2  3 1W 32 +A 3 2W3 1

72 , 2

12_ 31 w32 _ 4 31 W32

1 1 A 31 v1 + A3 2 V2

"i'l= V3  1 19 = 12 (A3 1 W 32 -A 3 2 W3 1)

18 31 1 32 2,

2 2
120 11 A 2v 2 A12 (v1V -2 )(A 3 1 w 3 2  A A3 2 1%,3 1 )
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2. %CTOR-=ALUUD FtnCTICtS
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